The goal of this study was to determine the effect of assembly load and local assembly environmental conditions on the fretting corrosion of modular femoral stem tapers. Femoral head/ taper assemblies in both similar (CoCrMo/CoCrMo) and mixed (CoCrMo/Ti-6Al-4V) alloy combinations were evaluated using an electrochemical test method. Specimens were assembled under impact loading and by hand, in both wet and dry conditions. Incremental cyclic loads ranging from 89 to 5,340 N were applied at a frequency of 3 Hz in Ringer's solution at ambient temperature. During the test, both the open circuit potential (OCP) and fretting current (i fret ) were measured using a saturated calomel electrode (SCE) and counter electrode, respectively. The results were comparable for both mixed and similar alloy couples. Decreases in OCP and increases in i fret (indicators of oxide film fracture and repassivation) were seen with increasing load magnitude, often occurring at loads well below those expected clinically. OCP at the 5,340 N cyclic load ranged from À30.4 to À103.7 mV versus SCE for similar alloy couples, and À19.1 to À181.4 mV versus SCE for mixed alloy couples. Mean peak fretting currents ranged from 0.84 to 1.42 mA and 1.06 to 3.12 mA for similar and mixed alloy couples, respectively. The larger current magnitudes and more negative shifts in OCP for mixed alloy couples indicate the difference in oxide film fracture behavior between titanium and cobalt alloys. The load at which OCP began to drop (onset of fretting) was dependent upon the assembly conditions for both material couples. Specimens assembled with impact loads in air showed the highest resistance to fretting. The results of this study indicate that the assembly load and the environment both play a role in the initial stability of modular hip taper connections.
INTRODUCTION
The use of modular implant designs in modern arthroplasty is widespread. The concept of modularity has many benefits, including the ability to select bearing surfaces and reduced inventory. Nonetheless, modularity also presents interfaces in the implant that experience various loads, motions, and local chemical environments that allow implants to experience fretting corrosion at these modular junctions. The resulting opportunity for corrosion and fretting is dependent on these variables and the implant design.
The phenomenon of fretting corrosion of modular orthopedic implants, most notably femoral stem/head taper and screw/plate connections, has been evaluated by several researchers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Initially, corrosion was thought to result from a galvanic process due to the coupling of Ti-6Al-4V alloy with CoCrMo alloy. 2 This hypothesis was rejected by the finding of comparable corrosion products in similar alloy (CoCrMo/CoCrMo) couples. Gilbert et al. found evidence of moderate to severe corrosion in 16% of necks and 35% of heads in mixed metal couples, and 14% of necks and 23% of heads in similar metal couples, in a retrieval study of 148 modular hip implants of several designs. 3 In a more extensive retrieval study, Goldberg et al. evaluated more than 200 modular implants, 7 finding that several variables affected fretting and corrosion, including material combination, metallurgical condition (i.e., cast vs. wrought), implantation time, and flexural rigidity of the neck.
Fretting corrosion has also been shown to occur in screw/plate connections, with in vitro tests indicating that Ti-6Al-4V alloy suffers worse damage compared to CoCrMo alloy when fretted against itself. 10 Other variables include local environmental conditions, such as pH and the presence of proteins in the modular junction. 1, 11, 12 Crevice, galvanic, and fretting corrosion are all possible in modular junctions. Components that mate using a Morse type locking taper can have tolerance mismatches, resulting in small crevices into which fluid can ingress. Such an occurrence is conducive to the formation of a localized aggressive chemical environment that can attack the substrate alloy over time.
Gilbert and coworkers investigated the electrochemical response of CoCrMo and Ti-6Al-4V alloys subjected to a controlled oxide film fracture (scratch test). 13, 14 They found that the oxide film properties on CoCrMo alloy was mechanically stronger than that on Ti-6Al-4V, but was stable over a smaller range of electric potential and pH.
Gilbert and Jacobs later proposed mechanically assisted crevice corrosion (MACC) to explain clinically observed fretting corrosion. 5 In this mechanism, cyclic stresses and fretting motion at the modular junction cause fracture of the oxide film. Unprotected substrate surface is then exposed to the aqueous local environment, leading to a sequence of electrochemical reactions (ionic dissolution and repassivation). These reactions continue with repeated loading; the local environment becomes acidic and Cl À concentration increases. In addition, the solution becomes deaerated as available oxygen is consumed during repassivation. The process thus autoaccelerates making the oxide film less resistant to corrosion attack. Further cyclic loading causes fretting with a less resistant oxide film, thus leading to localized corrosion.
Further studies support the MACC mechanism. Goldberg et al. studied both mixed and similar alloy couples of commercially available modular hip implants using two electrodes to monitor the open circuit potential (OCP) and fretting current (i fret ) of the hip taper. 6 Decreases in OCP and increases in fretting current and current amplitude corresponded with increasing load. In addition, spectroscopic analysis of the test solution confirmed the presence of metal ions generated by fretting corrosion. Subsequently, they investigated the behavior of a modular head/ neck assembly in which the neck was coated with a TiN-AlN coating. 8 Coated samples had a higher resistance to fretting corrosion within the load range tested (0-3,200 N), as demonstrated by significantly decreased fretting currents compared to those with uncoated mixed alloy couples.
The consequences of fretting corrosion in modular orthopedic implants can include corrosion product release (both soluble and solid), adverse tissue reaction, and, in rare cases, structural failure of the implant. Corrosion products were found in the local joint space and in serum and urine samples from patients with implants showing moderate to severe corrosion upon retrieval. 15 Cases of fractured femoral implants in which fretting corrosion and intergranular attack played a significant role have also been reported. 4 In vitro studies showed that metal ions detrimentally affected osteoblast function in a concentrationand composition-dependent manner, suggesting that soluble corrosion products are involved with adverse local tissue responses. 16 These metal ions may also play a role in immunologic responses in implant recipients, as lymphocyte reactivity is a function of the composition of metalloprotein degradation products. 17 Goldberg et al. speculated that proper seating of the femoral head onto the neck could improve fretting corrosion performance by increasing the load required to initiate fretting. 6 However, little has been done to study the effect of the assembly conditions on the behavior of these junctions. Thus, the goal of this study was to assess how assembly load and environment affect the fretting corrosion behavior of modular hip tapers.
MATERIALS AND METHODS
Two material combinations of a single (12/14) taper design were studied. Taper trunions were fabricated from round bar stock of wrought Ti-6Al-4V ELI Tivanium 1 and wrought, low carbon CoCrMo Zimaloy 1 alloy (Zimmer, Inc., Warsaw, IN). Specimens were manufactured to the same dimensional specifications and tolerances as production tapers. The femoral heads were off-the-shelf, packaged production parts made of wrought, low carbon CoCrMo Zimaloy 1 alloy.
All heads were 32 mm diameter with þ10.5 mm offset, the longest available clinically, providing the longest moment arm from the head center to the taper.
Two assembly loads were chosen for evaluation, a 6.7 kN impact load and a hand assembly load. These values represent extremes of what may be seen clinically. Loads were applied in both wet (submerged in Ringer's solution) and dry conditions. Three head/ taper junctions were tested for each combination of assembly parameters for a total of 12 specimens for both similar (CoCrMo/CoCrMo) and mixed (CoCrMo/ Ti-6Al-4V) alloy couples.
All specimens underwent the same preparation prior to testing, including ultrasonically cleaning in a detergent solution for 30 min, followed by rinsing with deionized water and air drying. The male taper component was then potted in a block of poly(methyl methacrylate) (PMMA) bone cement with the neck axis oriented at a 308 angle from the vertical. A stainless steel bolt was screwed through the cement block until direct contact was made with the taper, creating an electrical connection. A rigid polypropylene tank was fitted over the taper block via a cutout at the base and cemented into place with bone cement (Fig. 1 ). After the cement had cured, a non-silicone-based sealant was applied to the perimeter of the cement mantle in the tank and around the exposed neck of the taper to prevent Impacted specimens were assembled using a calibrated drop tower with impact occurring through a polymeric tipped surgical impact instrument. The drop weight was instrumented with a piezoelectric load cell connected to a voltmeter. The peak voltage was recorded from which an impact load was calculated. Impact loads were in the 6.7 to 8.0 kN range. A custom built fixture held the cement block such that the taper axis was aligned with the axis of the drop tower. For specimens in the wet assembly environment, the tank was filled with Ringer's solution until the taper was completely submerged. The head was then placed into the solution, inverted to allow any air to escape the bore, and then brought above the taper without allowing the head to rise above the fluid surface. The assembly load was then applied with the parts immersed. Two additional sets of specimens were assembled in both wet and dry conditions by pressing the head firmly onto the taper by hand.
Cyclic loads of increasing magnitude were applied to the specimen while the OCP and i fret were measured. 8 OCP measurements were made using a saturated calomel electrode (SCE; Accumet, Fisher Scientific, Pittsburgh, PA) connected to a high impedance electrometer (Model 6514, Keithley Instruments, Cleveland, OH). Fretting current measurements were made using a cylindrical counter electrode connected to a zeroresistance ammeter (Model 6485, Keithley Instruments). In all tests, the counter electrode was the same alloy as the taper specimen. Cutouts were made in the tank lid to accommodate the electrodes and enforce a consistent electrode position. A constant fluid volume was used in all experiments to ensure that the same surface area of the counter electrode (approximately 50 cm 2 ) was immersed in each test. All specimens were allowed to equilibrate for 1 h in solution prior to starting the variable load test. After the rest period (but prior to starting the test), both fretting current and OCP measurements were at or near zero.
Variable load testing was performed on computercontrolled, closed-loop servohydraulic test frames (MTS Corporation, Eden Prairie, MN). All tests were conducted in Ringer's solution (pH $ 7.2) at ambient laboratory temperature. Cyclic compressive loads were applied at a frequency of 3 Hz with a minimum/maximum stress ratio of R ¼ 0.1. Each peak load was applied for 3 min before increasing to the next load. Maximum cyclic loads were increased in 89 N increments from 0 to 2,224 N, 222 N increments from 2,224 to 3,558 N, and 445 N increments from 3,558 to 5,340 N. Thus, a total of 18,900 cycles of load were applied with loads ranging from 89 to 5,340 N. Data were collected using the analog outputs from the ammeter and electrometer every 180 cycles at a frequency of 120 Hz. From the data at each cycle, mean OCP, mean i fret , and mean peak i fret magnitudes were determined. Mean peak current is defined as the average of the maximum current values seen in one data acquisition, typically 5 to 6 points. Plots of the mean OCP and mean peak i fret were constructed to determine the fretting corrosion behavior as a function of load. Data were analyzed at selected loads using Student's t-tests to compare results from similar and mixed alloy couples with p < 0.05 considered to be significant.
RESULTS
General trends were found across all specimens. OCP values became more negative with increasing cyclic load, while i fret values increased with increasing load. These changes are evidence of oxide film fracture and repassivation in the taper junction consistent with previous results. 6, 8 Negative excursions in OCP were seen for all similar alloy couples and ranged from À30.4 to À103.7 mV versus SCE at 5,340 N (Fig. 2) . Mean peak fretting currents ranged from 0.84 to 1.42 mA at 5,340 N (Fig. 3) . The load at which the OCP began to decrease (the onset of fretting) was dependent upon the assembly conditions (Fig. 2) . Specimens assembled under impact load in air did not exhibit changes in OCP until the load reached approximately 2,500 N. All other conditions of assembly showed decreases in OCP at loads between 200 and 500 N.
All mixed alloy couples also exhibited decreases in OCP with increasing load, ranging from À19.1 to À181.4 mV versus SCE at 5,340 N ( Fig. 4) . Mean peak fretting currents ranged from 1.06 to 3.12 mA at 5340 N ( Fig. 5 ). Fretting onset occurred at loads of approximately 2,500 N for specimens assembled by impact load in air. Specimens assembled under all other conditions were similar in behavior and showed fretting onset at loads between 200 and 500 N.
Differences were seen between similar and mixed alloy couples. For all assembly conditions other than impacted in air, mixed alloy specimens had significantly lower excursions in OCP and significantly higher mean peak fretting currents than similar alloy specimens at 5,340 N of load.
DISCUSSION
According to MACC theory, excursions in OCP and current transients are indicators of fretting corrosion and the underlying processes of oxide fracture and repassivation. The magnitude of these measurements are an indication of the severity of the mechanical damage that the modular components are subjected to under cyclic loading. 6 In general, the OCP and current measurements became more pronounced as the cyclic load increased (Figs. 6 and 7) . At low loads, periodicity in the current measurement was difficult to see, indicating that at these loads the signal was not above the noise present in the system. We suspect that the noise level in our system (indicated by the dashed line in Figs. 3 and 5 ) was on the order of 0.5 to 1.0 mA, consistent with the noise level during scratch testing of Ti-6Al-4V and CoCrMo alloys. 9 This noise may have been due to the relatively large surface area of the male taper left exposed to the test solution. Further work is necessary to improve the detection of fretting current at low cyclic loads.
At sufficiently high loads, distinct peaks, or doublets, occurred in the fretting current that appear to coincide with the maximum and minimum loads applied to the femoral head. Similar periodicity with applied load was seen in the OCP measurements (Fig. 8 ). The primary peaks in fretting current occurred at or near the maximum compressive load, while the secondary peaks occurred at or near the minimum compressive load. The primary peaks were typically larger in magnitude than the secondary peaks. The lowest OCP values were observed at the largest compressive loads. Decrease in OCP indicates that the surface oxide is mechanically abraded, thus one would expect to see the lowest OCP values at the highest loads.
A biphasic relationship appears to exist between the fretting current, OCP, and the applied load ( Fig. 9 ). This relationship may be explained by understanding what is taking place at the head/ taper modular junction. Fretting current reflects the amount of fretting and subsequent metal-ion release occurring with mechanical loading of the taper junction. Thus, the peaks are most likely a result of motion of the head relative to the taper; larger current peaks indicate larger relative micromotion, or fretting, of the head/taper interface. The secondary peaks may be smaller in magnitude due to differences in the micromotion that occur when the load oscillates between its maximum and minimum value. Another possibility is that the two peaks are actually two separate micromotion events occurring on different portions of the head/taper interface. In this case, the difference in current magnitude may be due to differences between the fretting contact areas or differences in the size of the gap that exists at the end of the engagement of the head on the taper. The size of the gap may affect the ability of metal ions to escape the taper crevice and thus affect the current measurement.
In all of the specimens assembled by hand and impacted in solution, the OCP curves (Figs. 2 and 4) can be split into three regions: a low-load region with an initial, relatively rapid drop in OCP, an intermediate-load region where OCP values slowly rose, and a high-load region in OCP decreased further. The OCP response was likely a result of different degrees of fretting that the head/ taper interface experienced at these loads. The hand assembly load was minimal, so once a high enough cyclic load was applied, the head seated further onto the taper. This seating process continued with increasing load until further increases in load did not significantly increase micromotion. This relative stability would explain the recovery of OCP values. As the test progressed, a second load threshold was reached, and the head/ taper interface micromotion increased continually for the remainder of the test, causing further decreases in OCP. This was in contrast to the specimens impacted in air, which showed no change in OCP until approximately 2,500 N, similar in magnitude to the second load threshold of the hand assembled specimens. This load was required to initiate fretting and is well within clinically observed loads. 18 Tapers impacted in solution showed similar OCP versus load responses to tapers assembled by hand in solution. This was not the case for the samples impacted and hand assembled in air. These results suggest that the presence of fluid in the taper junction during assembly affected the seating of the two components, negating the benefit of using an impact load. In a study conducted using modular humeral heads and stems, as little as 0.4 mL of fluid trapped in the female socket during assembly prevented locking of the components. 19 The presence of an incompressible fluid at the interface likely prevents a friction fit from occurring even under impact loads.
OCP values were significantly more negative and peak currents were significantly higher at the highest cyclic loads for mixed alloy couples (CoCrMo/Ti-6Al-4V) compared to similar alloy couples (CoCrMo/CoCrMo). Goldberg and Gilbert showed that at a given applied load, the mean peak current was higher for Ti-6Al-4V than for CoCrMo. 9 This result was attributed to the longer time constant for repassivation for Ti-6Al-4V (1.5 ms) compared to CoCrMo (0.5 ms). The higher susceptibility of Ti-6Al-4V to oxide film fracture could explain the greater measured differences, suggesting that material combination is important to the fretting corrosion of modular junctions. Recent work showed this result in comparing metal-on-metal to ceramic-on-metal taper connections in vitro. 20 Our results indicate that assembly load and environment both play a role in the initial stability of modular hip taper connections. While further testing is necessary to determine how these assembly variables affect long-term performance of modular hip tapers, our results suggest that initial conditions may affect the extent of clinical fretting corrosion. OCP and current measurements are effective indicators of fretting corrosion and electrochemical changes taking place at the head/taper interface. The most stable interface is attained by impacting the components in a dry condition.
